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Coherent forward scattering atomic spectrometry consists of the 
aagneto-optic rotation of light by atoms at their resonance 
transitions. 4 system was constructed using a transverse magnetic 
field, the Voigt effect, surrounding an atom reservoir. Both an air- 
acetylene flame and a graphite furnace are used in this systen. The 
incident light {s polarized by a caloite prism polarizer at a 45° 
angle to the magnetic field. A second polarizer, the analyzer, is 
Placed at a 90° angle to the first polarizer, to detect the light 
which is rotated by the atoms. With the polarizers oriented 
orthogonal to each other, the signal produced is proportional to the 
square of the atom concentration. The signal can be linearized with 
respect to atom concentration by offsetting the analyser by a spall 
offset angle, The linearization causes a change in the noise 


characteristics of the CFS system. A comparison of amplitude 


vit 


nodulation vs DC measurement also showed different results when 
squared results were compared to Linear results. A continua source 
was used to evaluate the multi-element capabilities of CFS in terms of 
Limits of detection (LODs), Linear dynamic ranges, and other figures 
of merit, In an attempt to improve the figures of merit of the 
system, a nitrogen laser, which was unsuccessful for a variety of 
reasons, was also used. It is, however, the aulti-element 
capabilities of CFS which provide future interest in the field of 


analytical chemistry. 
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CHAPTER I 
INTRODUCTION 


In 1862, Zeeman established beyond any doubt that the periodic 
‘ine of vibration of a source of monochromatic Light is altered when 
‘the source is placed ina magnetic field (1). It was not until 1955 
‘that Walsh developed the first atomic absorption spectrophotoneter 
(Aas) (2). Prugger, in 1968, applied the Zeeman effect to background 
sorrection in AAS (ZAAS) (3,4). Hollander et al. in 1970 (5) and 
Parker in 1971 (6) made further advances in the use of the Zeeman 
effect in AAS. In 1971, Scintex, Ltd. of Canada released the first 
comercial instrument for ZAAS which monitored lig in ambient air. An 


instrument which was applicable to all elements u: 


developed by 
Hitachi, Ltd. in 1976 (7) using Inverse ZAAS while Grun Optik 
developed an instrusent using Direct ZAAS in 1979. Since that tine, 
any reviews ave appeared in the Literature on ZAKS (8,9). 

The mgneto-optic rotation of polarized Light by atoms in a 
sagnetic field was first observed by Hanle in 1924 (10). The 
fundasental theory of forward scattering of resonance radiation waa 


first derived by Corey, Kibble, and Series (11). Further theoretical 


evaluations of coherent forward scattering (CFS) atomic spectroneters 
fave been done for both the Voigt effect and the Faraday effect, a 
‘transverse and a longitudinal magnetic field, respectively (12-20). 
Church and Hadeishi first suggested the use of CFS as an analytical 


technique (21). Since that time, a variety of CFS systens have been 
evaluated using line sources (21-25) and continuum sources (26-29) as 
exoitation sources. An increasing interest has occurred in CFS as a 

sulti-element analytical technique, to the extent that Koirtyohana tas 


touted CFS as a new technique of the 80s (30). 


CHAPTER 2 
ZEEMAN ATOMIC ABSORPTION SPECTROMETRY 


‘The use of the Zeeman effect for background correction has been 
demonstrated to be analytically useful in AAS (7,31-47). When atoms 
are located in a mgnetic field, the atomic energy levels of those 
atoms are split causing the atomic transitions to also be split. This 
splitting is due to the fact that the aagnetic quantum numbers are no 
longer degenerate in terms of energy in a magnetic field and can range 


from +J to ~J with aM = 0, 41, for atomic transitions. In a normal 


Zeeman splitting patter, 1Sp-1P,, the atomic transition splits into 3 
components, 1 * component (Af = 0) and 2 o components (0M = 21) (see 
Figure 1). The energy diagram shows the splitting of the excited 
state causing the atonic emission and atomte absorption to be aplit 
into 3 components. Figure 2 shows a Voigt profile atomic absorption 
spectrum (calculated using numerical integration) in a 1.2 T magnetic 
field for Sr at 460.7332 nm, which has a noreal Zeeman splitting 
pattern. The component remains at the resonance frequency of the 
‘transition and absorbs polarized Light whose electric vector is 
parallel to the mgnetic field. The 2 c components split to either 
side of the resonance line and absorb polarized Light whose electric 
vector is perpendicular to the aagnetic field. This normal Zeeman 
splitting pattern is the simplest type of splitting pattem seen in 


the spectral lines of Be, Mg, Ca, Ha, Zn, Cd, and Hg as well as Sr. 


'So 


Figure 1 


Energy Level Diagram for a Normal Zeeman Splitting 


pattern (1s, - 'p, cransition) 
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Many slenents, hovever, do not have this simple splitting pattem 
and exhibit anosalous Zeesan splitting pattems. snoaalous Zsenan 
splitting patterns occur when the ground state and the excited state 
oxnibit splitting. The splitting pattern of a 25) 57P5/) tranaition 
as seen in Cay K, Ma, Rby Lt, Ca, and Au is seen in Figure 3. Both 
the ground state and the exoited state aplit; however, the aplitting 
energy in the ground state is not equal to that in the excited 

state. Because of this difference in the splitting, the 3 components, 
seen in a norma Zeosan pattem, are agnin split resulting in a total 
of 6 components; see Figure 3. As can be seen in Table 1, which Lists 
the atvong transitions of any eleaents, aost slesenta do not exhibit 
 norenl 2eenan splitting pattern. A variety of splitting patterns, 
given by Yasuda et al. (8), 1s shown in Figure 4. The normal Zeeman 
splitting mttern is shom in Category I. Tt should te noted that the 
transitions 32,~2e, and 325-2, also show this type of splitting 
pattern, despite the fact splitting occurs in both the ground state 
and the excited state energy levels of these transitions. Since both 
the ground state and the excited state are designated as 3P, they will 
exhibit the case splitting in energy in both states, thus aniting any 
further splitting of the + and 7 compononts degenerate. The 
transitions Listed in Table 1 are also grouped according to their 
splitting. The transitions “52-055 485/.-495/., and 

485/2-705/2 show splitting pattems siailar to Category V, but auch 
loss complicated with all 3 components each splitting into 4 


components The transitions, §S5/3-65/2» 753-"Pyy 


-3/2: 
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Figure 3. Energy Level Diagram for an Anomalous Zeeman Splitting 


2, 2, 
Pattern (75, )) - 7P,,. transition) 


Table 1. SPLITTING PARAMETERS AND TRANSITION PROBABILITIES OF MANY 


ELEMENTS 
DESIGNATION ELEMENT WAVELENGTH (nm) 2 (48) 

Be 553.548 0.90 
ca 228.802 0.92 
ca 422.673 0.28 
Me 285.213 La 
Bg 253.652 0.34 
sr 460.733 0.27 
Zn 213.856 13 
Pb 283.306 0.22 
st 251.432 0.56 
Sn 286.333 0.65 
si 252.41" 0.80 
w 255.135 0.80 
st 251.611" 13 
Pb 405.783" 2.3 
as 328.068 0.53, 
Na 589.592 0.47 
n 377.572 0.22 

1/27 cs 455.536 0.42 
co 324.754 0.66 
au 242.795 0.16 
i 670.784 0.80 
K 766.491 re 
Rb 780.023, 27 


Na 588.995 0.95 


rable 1.--eonttoved. 
DESIGNATION. ELEMENT. WAVELENGTH (nm) _ BE (48) 
rs 
May | 308.216 0.38 
ce 227.426 o.73 
i 303.536 0.98 
n 276.787 oa? 
2, se 
typ yp oD 535.046 0.92 
2, ‘ 
a sos.an"* 0.78 
oa 296.364 Ls 
a 206.170 axe 
Pn 195.389 onte 
aa 279.807 78 
Toy Tey wo 317.035 ove 
7 
sy - 7b, wo 315.816 0.57 
7 0 313.259 La 
cr 357.869 rm 
: 
», - 15, a 265.948 oa? 
5, = Oty te a.327 ba 
y=, mt 232.003 0.86 
4 
ee = Sop tu 23.572 La 
co 240.725 2a 
a 43.489 0.73 
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Figure 4, Examples of Several Zeeman Splitting Patterns Seen in a 


Transverse Magnetic Field 
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and T35-To5, show splitting patterns similar to Category IV with more 
splitting. The °s,/.-5r,/5 transition will mve 16 total components, 
with the 1" component splitting into 6 components and the 2 ¢ 
components splitting into 5 components. The 735-7 and 785-75 will 
tave the same type of splitting with a total of 19 components. The 
Tss7oy and 205-"cy transitions will nave a splitting mttera atatlar 
to Category VE with a total of 27 components. The sost complicated 
splitting pattern in Table 1 is the “fgjo-4Gy4 9 transition which will 
reseuble the splitting pattem stom in Category V with a total of 30 
components. Thus it oan be seen that the aplitting pattems for sost 
atomic transitions are sore complicated than the noraal Zeeman 
splitting patterns discussed in most studies, 

Several authors have reviewed the theory of Zeeman AAS in secont 
years (8,9). Yasuda et al. described the Zeemn effect (8) as 
follows. The Voigt function of the absorption coefficient (k(¥) at 
frequency ¥), which 1s 2 convolution of the Doppler broadening, 
Gaussian function, and the pressure roading, a Lorentzian function, 


is given in Equation [1]. 


a= SE (ane) /? (2) 


Spon? (2s yr? = half width of Gl 


pressure broadened 
Line (Hz) 


ay, = 195x107 


2 


tvs = YAv, = half width of pressure shirt (iz) (4) 


Ey? = doppior half width (He) [5] 


1/2 6] 


{7] 


In the above equations, vo is the frequency at the center of the line 


(is), © ts the velocity of Light in a vacuum (2/s), 8 ts the g: 


constant, T is the absolute temporature (K), 4 is the atonie welght of 
the ato, a and ¢ are the mass and charge of an electron, N {s the 
nunber density of atoas in the ground state, f is the oscillator 
strength, p is the partial pressure of the perturbers, of is the 
effective cross section for collision between an atom and a perturber, 
Mp ts the atoaic or solecular weight of the perturber, and Y is the 
ratio of the shift to prassure broadening. In a mgnetic field the 
atoaic absorption Line splits into its Zeeman components. The shift 
in the atomic energy level (Ty in ca“') is given in the following 


equation: 


geLeB (8] 


where B 4s magnetic induction in G, M is the magnetic quantum number, 
L is the Lorentz unit, and g, the Land? factor, is defined in the 


following equations. 


bes (= 4.67210 00 1e 
47m" 


Jot) o5(504) tnt 
enn + Hee Se alee) {10} 


where S is the total spin quantun number, L is the total orbital 


(3) 


angular nonentun quantum nusber, and J is the total angular momenta 
quantun number. The transition intensities (I) of the Zeeman 


components may be calculated with the following equations: 


Mao Tegal (11] 

20 
Mngt TeA( Jato )( 4) (12) 
MeO Tag B(T4M+1 )(T-M41) 03) 

a1 
Meet TaB(JaMet)(TaM+2) (14) 


where A and Bare constants. If the Zeeman components are sumed 


together, the absorption line profile in a magnetic field (x*(v)) can 


be described by the following equation: 


a4, 
(¥) ft ee 5] 
“bs eee (ana)? [16] 
2vVottvg) ay? 


a bone) U7] 


B 
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where Ov {s the Zeeman shift in iz. De Loos-Vollebregt and De Galan 
have reviewed the theory of Zeeman AAS and discuss the limiting cases 
for those ZAAS systems commercially available (9). 

‘The experimental set-up of 2 ZAAS system resembles that of a 
conventional AAS system with the addition of a magnet and a 
polarizer. The ZAAS systems are separated into two categories 
depending on the location of the magnet, Direct ZAAS and Inverse 
ZAAS, Direct ZAAS systems position the agnetic field around the 
hollow cathod= laap or EDL so that the emission from the lamp is split 
into its Zeeman components. The major difficulty in this approach is 
the design of a source which can be ignited ina magnetic field (8). 
An Inverse 2AAS systen employs the sagetic field around the atoa 
reservoir, which presents its ow difficulties in the design of an 
atom reservoir which can be placed inaide the poles of an 
electromagnet. An AC or a DC magnetic field aay be employed with 
either eysten. The orientation of the polarizer is dependent on 
Whether the magnet is AC or DC. 

Both the Perkin Elner and the Hitachi systens ara Inverse Zeeman 
AAS systems (8) with the Hitachi system (7) employing a DC magnet and 
‘the Perkin Elmer system (49) employing an AC magnet. The background 
correction of both systems is based on the aplitting of the o 
components in a sufficient magnetic field outside of the profile of 
‘the hollow cathode lamp leaving only the background absorption. The 
Hitachi system uses a rotating polarizer to alternate measuring the 


components, the background absorption, and the component, the atomic 


6 


and background absorption. This modulation can be used to subtract 
‘the background absorption of the 2 components from that of the + 
component, leaving only the atomic absorption of the 1 component. The 
Hitachi system, however, can exhibit a reduction in sensitivity for 
‘those elements which have anomalous Zeanan splitting patterns. If the 
x Component of the atomic line splits outside of the profile of the 
hollow cathode, the sensitivity of the atomic absorption can be 
drastically reduced. 

‘The Perkin Eloer systea overcomes the sensitivity problea of the 
Hitachi system by using an AC magnetic field. In this systen, the 
polarizer is oriented perpendicular to the magnetic field, so that the 
9 component is always observed (49). When the magnet is off, no 
splitting occurs, and atonic and background absorption are aeasured. 
hen the magnet is on, the o components are split outside of the 
profile of the hollow cathode lamp, so that only the background 
absorbance is measured. The difference between the 2 measured 


signals, when demodulated, produces a background corrected atomic 


absorption signal. Since the Perkin Elaer system seasures the atoale 
absorption with the aagnetic field off, and thus no splitting occurs, 
it experiences no decrease in the sensitivity for those eleneats 
exhibiting anomalous Zeaman splitting patterns. Both comercially 
available systons have provided viable background correction for 


atonie absorption spectrometry. 


CHAPTER 3 
THEORY OF COHERENT FORWARD SCATTERING 
ATOMIC SPECTROMETRY 


Coherent forward scattering atomic spectrometry consists of the 
sagneto-optic rotation of polarized light as it passes through an 
atomic vapor located within a transverse or longitudinal magnetic 
field, the Voigt effect and the Faraday effect, respectively. A 
second polarizer, the analyzer, is used to detect the amount of light 
which is rotated by the atoms. The coherent forward scattering signal 
consists of two effects, dichroism and birefringence. The system 
evaluated in this study is a Voigt effect coherent forward scattering 
atomic spectrometer and thus will be discussed in detail. 

In a transverse magnetic field, the atomic absorption line splits 
into 3 components in a nornal Zeeman splitting pattern, 17 and 20 
components, as discussed in Chapter 2 (see Figure 2), Associated with 
‘these absorbance lines are the anomalous dispersion functions, which 
also split in a sagnetic field (see Figure 5). This figure reflects 
‘the increase and decrease in the refractive index which occurs at the 
wings of an absorbance line. The dispersion function is defined by 
the following equation (50): 


Ne@e Yo" 


4m (gv) H(4/4H) 


{ra} 
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Figuce 5. The Anomalous Dispersion Fonction for Se at 440.7332 oa tn a 1.2 T Magnetic 
Field Eehthieing # Normal Zeeman Splixting Pattern (15, ~ "py eeansteson) 
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1 = 2r8v, 79 = damping term (iz) [19] 


whore n 4s the refractive index (dimensionless), @ and mare the 
charge and mass of an electron, respectively, f is the oscillator 
strength, n is the number density of atoms per om, y is the frequency 
of Light of interest (Hz), vg 4s the resonance frequency of the 
absorbance Line, and 4v,/. is the full width half maximum of the 
absorbance line (Hz). Substituting wavelength for frequency into 


Squation [18] results in the following equation: 


[20] 


where Xo is the resonance wavelength of Light (na), \ is the 
wavelength of interest (na), and 44/9 4s the full width half maximum 
of the absorbance line (nm) In Figure 5, the anomalous dispersion 
funetion of the + component is represented by the dotted Line and 
effects only Light whose electric vector ie oriented parallel to the 
magnetic field. The anomalous dispersion function of the o 
components, the solid Lines, effects only that Light whose electric 
vector is oriented perpendicular to the augnetic field. 

Aa was stated previously, the CFS aignal is coaposed of a 
dichroic contribution, the difference in the absorption of the 1 and o 
components, anda birefringent contribution, the difference between 


‘the refractive indices of the ™ and o components. Through the use of 
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models, the rotation of polarized light by the dichroism and the 
birefringence will be examined. Figure 6 represents the incident 
Light, where the first polarizer, 8, is set ata 45° angle to the 
magnetic field, 8. The second set of axes in Figure 6 represents the 
ovement of electric vector (the dashed arrow) through one period of 
oscillation, as represented in the bottom drawing. If the electric 
vector is projected back along the x and y axes, this represents the 
amount of light which is available to interact with the 1 and ¢ 
components, respectively (the solid lines in Figure 6). 

A model of the dichroism, the difference between the absorbance 
of the 7 and o components, is represented in Figure 7. Assume a line 
source is used which emits light at the resonance frequency, where 
only the 7 component can absorb (see Figure 2). Suppose a 
concentration of atoms that absorbs 50% of the light (a(1)=0.5, where 
a is the fraction absorbed) is present in the atom reservoir. This 
situation is represented in Figure 7 where 508 of the light along the 
x axis is absorbed (compare to Figure 6, where no absorption 
occurs). As can be seen in the model, the remaining light is rotated 
(the heavy dashed line). The analyzer, represented by the dotted Line 
in the last axis, was set at a 90° angle to the first polarizer 
(compare to # in Figure 6). If the rotated vector is now projected 
onto the axis of the analyzer (the solid line in Figure 7), the amount 
of light passing through the analyzer is proportional to the amount of 
Light which was absorbed. If this argument is extended to the o 
components, an equal amount of light is rotated in the opposite 


direction. However, with a sufficient mgnetic field, the 1 and o 


INCIDENT LIGHT 


vA 1 
o ee 360° 


Figure 6. Model for the Incident Light in a Voigt Effect CFS 
Spectrometer 
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components absorb at different wavelengths and since the analyzer is 
insensitive to the direction of rotation of the light, a dichroic 
signal will be produced over the entire profile of the atomic Line 
(minus any overlap in the ™ and ¢ components, see Figure 8 as compared 
to Figure 2) when a continuum source is used. The dichroic signal of 
Sr at 460.7332 nm which exhibits a normal Zeeman splitting pattern is 
shown in Figure 8. It can be seen that all 3 components are 
completely resolved at the points where the * and components absorb 
an equal amount of light (see Figure 2), thus resulting in no rotation 
of the light. Since the o components rotate the light in only 1 
direction and the component rotates the light in only the opposite 
direction, any anomalous Zeeman splitting which occurs will not reduce 
the sensitivity of the dichroic signal as long as the % components 
remain fully resolved from the * components. 

A model of the birefringence, the differance between the 
refractive indices of the T and ° components, is represented in 
Figure 9. Again assume a line source at the resonance frequency is 
used so that only interactions with the ™ component occur, The model 
in Figure 9 represents what will occur when the refractive index of 
the ™ component increases (see Figure 5). When the refractive index 
increases, the ™ component of the light will slow dowm with respect to 
the 9 component which will remain unchanged. Assume an atom 
concentration is present which causes a phase shift of -90° in the 7 
component of the light as represented in Figure 9. As can be seen 
from the model, the birefringence causes a conversion of the linearly 


polarized light to circularly polarized light, a portion of which can 


5 
z 

g 

© 

3 

£0) 

£ 

d ° ” ° 

60710 0.709 160.7554 


WAVELENGTH’ (na) 


Plguce 8. Frofite of the Dieholsm of Sr at 460.7332 na in 9 1.2 T Magnette Pleld 


a 


wel 


i 
i 
360° 


BIREFRINGENCE 
(she) 


{ela)-90 


90° 180° 270° detector 


" 


25 


pass through the analyzer (the solid line in the last axis in 
Figure 9), The assumption that a -90° phase shift occurs is an 
oversimplification, In real cases the phase shift will be saaller and 
@ conversion to elliptically polarized light will occur. If this 
argument is extended to the 9 components, a rotation in the opposite 
direction will occur with an increase in the refractive index. In 
Figure 5, the directions of rotation for the + (dotted line) and o 
(solid lines) components are labeled. As can be seen in this figure, 
fan increase in the refractive index of the + component causes the 
Light to be rotated in the same direction as a decraase in the 
refractive index of the o components. Also, an overlap of the o and + 
components is not critical since a rotation in the same direction 
occurs. This is reflected in the birefringent profile for Sr at 
460.7532 nm shown in Figure 10, which represents the difference in the 
refractive indices of the 1 and o components. Again the analyzer is 
insensitive to the rotational direction of the light, producing a 
birefringent signal across the entire profile of the line. In 

Figure 10, the negative portion of the birefringent signal corresponds 
to an increase in signal intensity on a dark background which was 
Produced by rotation of the light in the opposite direction, as is 
labeled. The birefringence, unlike the dichroism, howavar, can 
experience a reduction in sensitivity in the presence of anomalous 
Zeeman splitting. Sinos the anomalous dispersion function is bi- 
directional, any overlap between 2 split + components or 2 split o 
components will result in destructive interference, eliminating the 


rotation of the light. 
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‘The intensity of the CFS signal passing through the analyzer for 
our system was derived (see Appendix) and is given by the following 


equation: 


ty = $ tgexl- Ka,+0,)b] {(cosse0s">+atnGoosssins)** [21] 
exolHla,-a, )b]e(cosdsin’ -sindeospsine “exp Ha,-a,)b]+ 
2(co829005"$sin®s-cosdsindeossaingeos2s Joost 34,1, )]} 


Ig = intensity of incident Light 

Syeay = Naperian absorption coefficient of + and o components, 
parallel and perpendicular to the magnetic field, 
respectively, a7! 

Rwy = refractive indices of the n and ¢ components, parallel and 
perpendicular to the mgnetic field, respectively, 
dimensionless 

b= pathlength, 0 

w= angular frequency of the inefdent light, Hz 

> = angle between the axis of the first polarizer and the aagnetic 


field, deg. or rad 


angle between the axes of the first polarizer and the 
analyzer, deg. or rad. 
In most of the experiments in this study, the first polarizer was set 


ata 45° angle to the magnetic field (;=45°) and the analyzer was set 
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orthogonal to the first polarizer (9-90) reducing Equation (21] to 


the following: 
1p =F tyemel- Ka,sa, 0) loosnlHa,-2,)o]-cosl%a,-n,)]} [22] 


By examining this equation, it can be seen that the CFS signal is 
proportional to the incident intensity of the light minus any overall 
absorption, including any molecular absorption, which would reduce the 
amount of light available to the + and 9 components. The firet 
expression in Equation [22] within the brackets corresponds to the 
dichroism tera while the second expression corresponds to the 
birefringent tera, Yamamoto et al. (15) and Kankare and Stephene (16) 
have derived the theory for the limiting cases. Xankare and Stephens 
sake the assumptions that the absorption profile is Gaussian and 
KgCqb<<1 (where KoC,b = 9,b¢<1) reducing the general equation to the 
following equation which is applicable to the case of continua 


excitation (16): 


Ty * Bg TykgCad (lexpl-(e-h)*Jeaxnl-(arn)*}-20xp(-2%)}® [25] 


+ Aaaw(g-n)+daw(g+h)-2daw(2)]®) 


= a(ap-u) [24] 


b= dau, (25) 
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dau(x) = exp(-x")/Zexp(s")az = Dawson's integral (26) 
K = kyexp[-(gsh)] = molar Yaperian absorption coefficient [27] 


(2(na)1/2)4 = uti width half maximum of Doppler broadening 


lug = resonance frequency of the atom 


1g = frequency of the incident light 
‘uy = Zeeman shift 
c= molar concentration of the analyte 
b = path length 
a= Kyo 
In the case of a Line source (g=0), the equation can be further 


reduced (16) to the following: 
4s 22a? 2)W472 
Tp = HH Tyhpeab Lexp(-n?)=1] (28) 


‘These equations demonstrate that when the analyzer is set orthogonal 
to the first polarizer the CFS signal which reaches the detector is 
proportional to the concentration squared. 

The CPS signal can be Linearized with respect to concentration by 
offsetting the analyzer by a small angle (16,18). This small offset 
angle, however, results in an increase the background by allowing some 
of the incident light to be transmitted through the polarizers. 
Stephens and Kankare (16) have derived the equation for the linearized 


CFS signal using a Line source to be the following: 


30 
Ip = {Jsin?or + Ssin20"Lexp(-h°)-1]K,0,]15 (29) 


0! = 90°40 = offset of the polarizers from being orthogonal, 
restricted to small offset angles. 
Ag the equation reflects, the CFS signal becomes linearized with 
respect to concentration when small offset angles are employed, the 
optimum offset angle being 8.5° as experimentally determined by 


Kankare and Stephens (18). 


CHAPTER 4 
‘EXPERIMENTAL, 


The basic experimental set-up of a CFS spectrometer consists of 
an excitation source, 2 polarizers, a magnet, and a detection 

system. A block diagram of the experimental set-up used to study the 
noise characteristics of CFS is given in Figure 11. A 300W Eimac 
(Varian Instruments, 611 Hansen Way, Palo Alto, CA 94303) xenon are 
lamp was used as an excitation soures in the experimental system, The 
continuum source was focused through a pinhole aperture and recolli-~ 
mated by a second lens. The light beam then passed through a Photon 
Technologies International (P.0. Box AA, Princeton, NJ 08542) chopper 
which was operated at 467 Hz, an IR filter, and then through the first 
of a pair of Karl Lambrecht (4204 N. Lincoln Ave., Chicago, IL 60618) 
calcite Glan-Faucault prism polarizers which was oriented at a 45° 
angle to the magnetic field. The magnet consisted of a Varian (611 
Hansen Way, Palo Alto, CA 94303) ¥-6060 magnet system from an A~G0 NMR 
which was modified to produce a variable DC magnetic field up to 1.4 
T, A 1,2 T field was employed for the study, A fuel-rich air— 
acetylene flame served as the atom reservoir. The burner was a 
laboratory constructed titanium 3" slot burner with 2 side slots for 
an argon sheath. After passing through the magnet, the light beam 
passes through the second polarizer, the analyzer, which was oriented 


either orthogonal to the first polarizer or at an 3.5° offset angle 


a 


3 


from this (0=98.5), to evaluate the squared and linear systens, 
respectively. The light beam than passed through a 1/2" aperture (to 
atch the f-number of the monochromator) and was focused by a 3" lens 
into a Shoeffel-MePherson (530 Main St., Acton, MA 01720) EU700 
monochromator, equipped with a Hamamatsu (420 South Ave., Middlesex, 
NJ 08845) R212UH photomultiplier tube. A Keithley (28775 Aurora Ra., 
Cleveland, OH 44139) 244 High Voltage Power Supply was used to power 
‘the PM tube at -960 V. A slit width of 130 um, which corresponds to a 
spectral bandpass of 0.29 nm, was used as 1t corresponded to the 
optimum signal to noise ratio. 

Several different detection systems were used to examine the 
primary noise sources for the system, Background spectra of the flame 
were run with the chopper off and the PM tube output going straight to 
the Fisher Scientific Co. (P.0, Box 13430, Orlando, FL 32809) Model 
5000 strip chart recorder. All other background spectra were measured 
with the chopper on. In this case, the PM tube output was amplified 
by a PAR aodel 161 current-to-voltage amplifier and demodulated and 
filtered by a PAR (EG&G PAR, P.O. Box 2565, Princeton, NJ 08540) model 
186A lock-in-amplifier with an output time constant of 0.3 8. The 
output of the lock-in-amplifier was then sent toa strip chart 
recorder. Noise power spactra of the squared and linear systems were 
measured with a Wavetek (10 Volvo Dr., Rockleigh, NJ 07647) Cross- 
Channel Spectrum Analyzer Model 5820B. Since the Spectrum Analyzer 
Was not accurate down to DC signals (0 Hz), amplitude aodulation was 
used to move the signal and any associated noise up into a useful 


range for the Spectrum Analyzer. To meagure the noise power spectra, 
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the output of the current to voltage converter was sent to the 
Spectrum Analyzer directly which took the average of 256 spectra. 

Limits of detection (LODs) were also run for the systems using 
amplitude modulation and DC measurement. In the cage of amplitude 
modulation, the output of the PM tube is again sent to the current to 
voltage amplifier and into the lock-in amplifier. A tine constant of 
18 was used on the output of the lock-in amplifier which was filtered 
with a laboratory constructed 10 s integrator and sent to a Keithley 
model 175 digital aultimeter. When DC measurements were made, the 
chopper was turned off and the above detection system was used with 
the exception of the removal of the lock-in amplifier fron the 
circuit. 

A block diagram of the laser-excited CFS system is given in 
Figure 12, The laser system which was used consisted of a Holectron 
(Cooper Laser Sonics, Laser Products Div., 928 E. Meadow Dr., Palo 
Alto, CA 94303) Model UV24 nitrogen laser pumping a Molectron DLIT 
‘tunable dye laser (bandwidth of 0.3 nm). A beam splitter was used to 
onitor the output of the nitrogen laser to a photodiode which was 
used to trigger the boxcar. Inrad (Interactive Radiation Inc., 187 
Legrand Ave., Northvale, NJ 07647) doubling crystals ware used to 
double the fundamental of the dye laser when necessary. The output of 
‘the dye laser was recollimated before being sent to the experiaental 
set-up. Neutral density filters (ND) were used prior to the first 
polarizer in sone instances. An aperture was placed before the first 
polarizer to minimize uncollinated light. The polarizers, set in an 


orthogonal orientation, the magnet and the flane were the sane as 
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described for the previous study. A graphite furnace was also used as 
an atom reservoir in this study. The graphite furnace consisted of 
laboratory constructed brass electrodes with a quartz sheath and 
quartz end windows and contained Ringsdorf (Sigri Corporation, P.0. 
Box 922, Sommerville, NJ 08876) pyrolytically coated graphite tubes 
(6 mm o.d. x 4 mm i.d. x 3" long). The furnaces were heated in an 
argon atmosphere, with the exception that the argon flow to the inside 
of the tube was tumed off during atomization. A second aperture was 
Placed prior to the analyzer to reduce emission from the flame or 
furnace, which is incoherent unlike the CFS signal. The monochromator 
was equipped with 1 Hamamatsu 928 PM tube, which was wired for fast 
response. A slit width of 200 um, which corresponded to a spectral 
bandpass of 0.44 nm, was used. The Pl tube was powered at -1000 V. 
‘The signal from the PM tube was sent through an Allen Avionics 
switch variable delay line, Model 11272050, and a 50% load into a 
Stanford Research Systems (460 California Ava., Palo Alto, CA 94303) 
Model SR250 gated integrator and boxcar averager. The averaged output 
of 3 shots was then sent to the 10 s integrator and a digital volt- 
meter in the case of the flame. When the graphite furnace was used, 
‘the output of the boxcar was sent to the strip chart recorder, for a 
hard copy, and to the Interactive Structures (P.0. Box 404, Bala 
Cynwyd, PA 19004) AI13 Data Acquisition System into an Apple (10260 
Brandley Dr., Cupertino, CA 95014) II+ computer, which was used to 


Antegeate the peak area of a 5 ul sample. The Apple computer was also 


used to program the Electronic Measurements (405 Essex Ra., Neptune, 


NJ 07753) Model SCR20~250 Ski furnace power supply. ‘Two Apple Disk IT 


7 


Disk Drives and a Leedex Video 100 monitor completed the computer 
systen. 

Figure 11 is also a block diagram of the system used to evaluate 
the analytical figures of merit for the multi-element CFS system. The 
experimental set-up is the same as that described in the system used 
to characterize the noise, with some ainor modifications. A Hamamatsu 
928 PM tube powered at -1000 V was used in place of the Hamamatsu 
R212UH PM tube. All other parameters ware identical to that 
previously described for measuring LODs using amplitude modulation. A 
graphite furnace was also used as an atom reservoir as was discussed 
in the laser-excited CFS system. When the furnace was employed, the 
aperture prior to the lens which focused the Light into the 
monochromator Was reduced to 1/6" (4 mm) to match the i.d. of the 
furnace. The 3" lens was then replaced by a 1" lens to match the £- 
number of the monochromator. A prior multi-element system (the old 
system) was also evaluated using a smaller ANAC (GMM Associates, 1060 
Lakeview Way, Redwood City, CA 94062) 1.75" electromagnet which could 
only produce 0.7 T magnetic field when the flame was used. The 
burner used was a brass laboratory constructed slot bumer made to fit 
‘the physical dimensions of the smaller magnet. The graphite furnacas 
used in this previous study were Ultra Carbon (P.0. Box I-747, Bay 
City, MI 48707) high density, high purity graphite tubes (6 m o.d. x 
4am isd. x 3" long). Other than the changes in the magnet and the 
atom reservoirs, the system was unchanged. 

Stock solutions of 1000 ag/L were prepared by dissolving the pure 


metals or reagent grade salts in a minimum amount of acid and then 
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diluting with deionized water (+12 Haca"! resistivity). Volunetric 
dilutions were made to obtain the desired standard concentration. In 
many cases, the stock solutions and standards used with the furnace 
weve sade and diluted with 10% nitric acid which had been sub-boiling 
distilled. 


CHAPTER 5 
NOISE CHARACTERISTICS OF A VOIGT EFFECT 
CES SPECTROMETER 


Many reviews and studies have been published on the signal to 
noise characteristics of both atomic fluorescence spectronetry (AFS) 
and AAS (51-57), while only one study has appeared on the signal to 
noise characteristics of CFS (19). An analysis of the noise 
characteristics of CFS can provide useful information for the design 
and optimization of a Voigt effect CFS system. It is particularly 
useful when evaluating the squared vs linear CFS systems. 

Background spectra of the different components of the system were 
recorded to evaluate their relative contributions to the signal. A DC 
‘spectrum of the background emission from the fuel-rich air-acetylene 
flame is shown in Figure 13. At 200 nm, the spectrum is flat because 
the calcite polarizers cut off at 214 nm. The analyzer also reduced 
the emission from the flame seen by the detector by a factor of 2 and 
the apertures after the flame reduced the solid angle and thus the 
emission from the flame seen by the detector. Two bande can be seen 
‘on top of the background emission from the Slane at 306 nm and 


612 nm. These bands are the OH emission bands. The 612 nm band is 


the second order band at 306 nm which disappears when a 500 nm shar 
cut filter is placed after the excitation source. The broad 


background is dus to the spectral response of the monochromator and PM 
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Figure 13. Background Spectrun for the Fuel Rich Air-Acetylene Flame 
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tube and the black body radiation from the fuel-rich air-acetylene 
flame. Tt was necessary to run the flame very fuel-rich to aininize 
the loud audible oscillation of the bumer and the aluminum pole caps 
ubich protect the faces of the magnet poles from the flame. The 
desig of a new burner allowing aore adjustaent of the fuel-to-oxidant 
ratio would help to reduce this background. 

ALL other background spectra were taken using a lock-in amplifie: 
and a chopper to correct for the background emission from the flame. 
‘The background spectra of the lamp for the squared system with crossed 
polarizers are shown in Figure 14. The bottom spectrum (b) is a 
spectrum of the lamp alone. If the lamp spectrum is compared to the 
flame emission (see Figure 13), it can be seen that the emission from 
‘the flame is about an order of magnitude larger than the light getting 
‘through the crossed polarizers. The dark current on the PM tube is 
also about the same order of angnitude as the flame emission. The top 
(a) spectrun in Figure 14 shows the lamp with the flame on. As can 
easily be seen from the spectrum, the lock-in amplifier corrects for 
the emission signal from the flame and the dark current signal from 
the PH tube. The shot noise from the emission and the dark current 
are still evident on this spectrum, however. If the magnet is tumed 
on (1.2 T field) and Sr is aspirated into the flame, the spectrum 
shown in Figure 15 is obtained. Again 2 bands are seen at 306 nm and 
612 nm, These bands, which are a factor of 5 times larger than the 
emission bands (see Figure 13), are due to the rotation of the light 
by the OH in the flame. The band at 612 am te again second order of 


the OH band at 306 nm and can be corrected by using a sharp cut filter 
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Figure 14, Background Spectra for the Xenon Are Lamp Through 
Crossed Polarizers Using a Lock~in Anplifier With (a) 
and Without (b) the Flame On 
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Figure 15. The Background Spectrum for the Squared CFS System (5 = 90°) 


to remove the 306 nm light, These OH bands appear due to the Zeeman 
splitting of diatomic molecules in a magnetic field (57) and the high 
concentration of OH in the products of the flame (1-2%) (58). Thus 
‘the OH bands at 306 nm will prove to be a spectral interference in CFS 
as in AFS and AAS. Since aost elements do not have lines in this 
region, this does not severely limit the technique. It should also be 
noted that when the graphite furnace is used as the atom reservoir, 
the sample is dried prior to atomization thus eliminating any problems 
with spectral interference from the OH bands. 

A background spectrum for the linear system with polarizers 
offset by an 8.5° angle (0298.59) is given in Figure 16. In this 
spectrum the lamp, flame, and magnet are on. It can be seen that the 
Light getting through the polarizers, now that they are offset, is 
approximately 3 orders of aagnitude larger than the Light getting 
through the crossed polarizers (see Figure 14) at the center of the 
spectral range (~450 nm). It should also be noted that the amount of 
Light getting through the polarizers is approximately 1 order of 
nagnitude larger than the signals produced by OH in the squared system 
(see Figure 15). Thus it can be sean that in going from the aquared 
to the linear system, the primary source of noise has changed from the 
emission of the flame and the dark current of the PM tube to the 
source light transmitted through the non-orthogonal polarizers. The 
manner in which the noise characteristics are changed in going from 
the squared to the linear system will be evaluated using the noise 


power spectra of the systems, 
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Figure 16. The Background Spectrum for the Linear CFS System (8 = 98.5%) 


The noise power spectrum of the squared syste ia given in 
Figure 17. ALL noise power spectra were taken using the OH band at 
306 nm so that only the blank was aspirated into the flame. The first 
peak at ~13 Hz 1s a component of the flame and can be seen ina 
spectrua taken of only the flame. The flase also has flicker noise 
(1/f noise) which falls off rapidly at low frequencies (<20 iis). 

There 1s also a component at ~90 Hz which was electronic noise from 
‘the current to voltage amplifier. The main peak, however, can be seen 
at 467 Hz, the chopping frequency. This peak and the 2 peaks on 
either side of it disappear when the sagnet is tumed off and, 
therefore, are due entirely to the signal. The 2 peaks at either side 
of the signal peak are at £13 Hz from the chopping frequency and are, 
therefore, attributed to the flame. Tt would thus appear that the 

13 iz component of the flame is a multiplicative noise which moves up 
with the signal in sone manner. It should be noted that with the use 
of a lock-in amplifier and a sufficiently long time constant the 
signal peak should be resolved from this multiplicative noise from the 
flame. This noise power spectrum also shows sone white noise at a 
level of =-97 dBv/(Hz)"/2 around the signal peak. 

A comparison of the noise power spectra of the squared system and 
the Linear system is also of interest. The noise power spectrum for 
the Linear system (6295.5) with the magnet off (dashed Line) and on 
(solid line) are shown in Figure 18. The main peak still appears at 
467 He but is only 2.3 dBV/(Hiz)'/? grater with the magnet on than 
off. The wings of this peak are also broadened due to flicker noise 


from the Eimac xenon arc lamp, which is modulated and thus moves up 
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with the signal. A spectrum taken of the lasp only shows the flicker 
noise of the lamp does not fall off until ~50 Hz. The 2 peaks on 
either side of the anin peak at 4~94 Hz are present when the magnet is 
on and off and are, therefore, associated with the source. The other 
2 peaks around the 467 Hz peak are at 237.5 Hz. There is also a small 
component at 37.5 Hz, which is attributed to the flane. The flame 
appears to have sone drift over tise so that the frequency of 
oscillation can change. Thus, it would appear this 37.5 iz peak 
corresponds to the 13 Hz peak in the squared system (see Figure 17) 
and is a gultiplicative noise agsociated with the sigal. Another 
point of interest is that the white noise for the Linear system with 
the magnet on is =-79 dBv/(Hz)"/2 or 13 aBv/(iiz)'/2 (almost 1 order of 
magnitude) higher than the white noise in the squared system. 

Thus it would appear that the noise characteristics of the 
squared vs the Linear system are quite different. For the squared 
system, with the emission from the flane as the predominate noise 
source, it may be advantageous to use amplitude modulation to nove the 
CES signal out of the flicker noise of the flame at low frequencies. 
Although some of the noise from the flame aoves up with the signal, it 
is possible with the use of the lock-in amplifier and a sufficient 
time constant to separate the signal from these outer peaks (aes 
Figure 17). A second advantage in using amplitude modulation and 
lock-in measurement over DC maacurasent can be seen in the curve of 
growth for the DC measurement of Ca at 422.673 nm in Figure 19. The 
‘AES curve of growth has a slope of 1.05 (r=0.9995), the CFS curve of 


growth has a slope of 2.006 (r=0.9996) and the CFS + AE ourve of 
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Figure 19. CES and AES Curves of Growth for Ca at 422.673 nm With the 
‘Squared CFS System Using a DC Measurement System 
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growth has a slope of 1.30 (r=0.95). When the curve of the Atomic 
Emission (AE) is compared to the CFS curve, it can be seen that the AE 
signal predominates at the lower concentrations while the CFS signal 
predominates at higher concentrations. When a DC measurenent systen 
is used to measure the CFS signal in 2 squared orientation (¢=90°), 
sone care must be taken to correct for the atomic emission which is 
Linear with concentration not squared. By using amplitude modulation, 
‘the emission is autonatically subtracted out leaving the corrected CFS 
signal. The linear system (9=98.5°) does not have this problem, 
however. Since the CFS signal and the AE signal are linear in terns 
of concentration, a calibration curve may be made using the sun of the 
AE and CFS signals. Auplitude aodulation for the linear systen, 
however, does not appear advantageous. Since the predominate noise 
source in the Linear system is the light from the source being 
transmitted through the polarizers, chopping the light only serves to 
ove the flicker noise up with the CFS signal, Other types of 
nodulation schemes, a5 an AC magnet or wavelength aodulation, could 
prove advantageous in that they could correct for the flicker noise of 
the source, since it is viewed during both half cycles of modulation. 
To further compare AM vs DC measurements, limits of detection 
(L0Ds) were determined for both using the squared orientation (9=90°) 
and the linear orientation (9=98.5°). The LODs for Ca at 422.673 nm 
are given in Table 2. The LODs were calculated by taking 3 tines the 


standard deviation of 16 blank readings, dividing by the slope of a 


plot of concentration squared vs CFS signal, and then taking the 


square root of the result, All calibration curves used in calculating 
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Table 2, LIMITS OF DETECTION IN mg/L (S/N = 3) FOR CA AT 422.673 nm 
USING AMPLITUDE MODULATION (AM) VS. DC MEASUREMENT 


MEASUREMENT SYSTEM 


POLARIZER ORIENTATION at be 


Squared System (8 = 90°) 0.2 0.2 


Linear System (9 = 98.5%) ra i, 
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Los had a correlation coefficient of at least 0.999. The results in 
Table 2 indicate no significant difference between AM and DC 
aeacuredent for either the squared or Linear systens. The LODs for 
‘the squared systen are, however, better than thos» for the Linear 
system. This however, might be changed if a different modulation 
aysten was used in the case of the Linear system, The LODs of the 
squared system could be improved by increusing the intensity of the 
Jneident Light. This would increase the CES signal while increasing 
‘the amount of Light being transmitted through the crossed polarizers 
so tat Lt is at least of the sume magnitude as the emission from the 
flame. Thus, the study of the noise characteristics of the linear and 
‘the squared CFS systens bas helped enumerate the various problens 


which will ba encountered in both systens. 


CHAPTER 6 
LASER-EXCITED CFS 


‘The use of both pulsed and continuous wavelength (CW) lasers as 
fan intense excitation source for AFS has been shown to be analytically 
useful especially for trace analysis (60-64). Theoretical studies of 
CES have show that the signal is proportional to the incident 
intensity of the light (11-20) as it is in AFS. Because of this 
relationship and the zero background, it was postulated that laser- 
exeited CFS might be a viable analytical technique. Also since the 
CFS signal consists of the incident light which has been rotated, the 
coherent properties of the laser beam might also prova advantageous. 

A squared system (9=90°) was used, because linearization (0=98.5°) 
causes an increased background, which was considered unfavorable in 
the case of laser excitation. 

A ourve of growth for Na at 588.995 nm is given in Figure 20. As 
can be seen from this curve, the CFS signal increases with a log-log 
slope of 2.05, reflecting the signal's dependence on the square of the 
concentration, The CFS signal is linear over 3 orders of magnitude in 
concentration. ‘The curve also shows a decrease at high concentration 
which is probably due to broadening of the absorption lina. 

Broadening of the o and + components causes overlap in the wings of 


‘the absorption line resulting in a decrease in both the dichroism and 
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‘the birefringence. This effect can be minimized by increasing the 
magnetic field so that the o and » components are further separated. 


This was not po! 


ible in our case, however, since the maximum magnetic 
field was employed. The shape of the calibration curve should start to 
level off, due toa plateau in the absorption coefficients at high 

concentration, before the decrease in the CFS signal due to broadening. 

A log-log calibration curve of the CFS signal for Sr at 
460.7332 nm vs the spectral irradiance of the laser is shown in 
Figure 21, This curve demonstrates that the intensity of the CFS 
signal is proportional to the incident intensity of the laser light 
(log-log slope of 0.96). As saturation occurs, dichroism decreases, 
causing the CFS signal to level off as seen in the plot. There is 
also a negative slope exhibited at higher powers. This decrease may 
be explained by saturation broadening (65,66). Broadening causes 
overlap of the g and = components which decreases the birefringent 
signal, while saturation causes the net absorption coefficient to 
approach zero which decreases the dichroism, therefore increasing the 
intensity of the excitation source causes an increase in the CFS 
signal up to the point where saturation occurs. 

While the use of lasers as an excitation source provided useful 
theoretical information, it did not prove to be analytically useful as 
reflected in the limits of detection given in Table 3. These reaults 
are poor compared to those obtained using hollow cathode lamps and 
xenon are lamps (21,25,24,26,27,29,67) with the exception of Sr at 
460.7332 where the best laser dye for the nitrogen laser is used. The 


use of the laser increased the CPS signal; however, the noise 


o 
a 


Sr 460.7nm 


24 


Log CFS Signal (relative units) 


T T 
) 1 2 3 4 5 


Log E, (W/em@nm) 


o—! 


Figure 21, Plot of the Laser Intensity vs. the CFS Signal in a Flame 
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inoreased disproportionately. The primary sources of noise was the 
anount of light which passed through the crossed polarizers due to 
their inperfect extinction ratio, It was found that as the laser 
Power increased over 4 orders of aagnitude, the extinction ratio 
decreased by an order of magnitude, The shot to shot noise and the 
pointing noise are the major noise sources seen on the laser Light 
which was transmitted through the polarizer. It was also discovered 
‘that the end windows on the furnace ware birefringent increasing the 
blank signal and thus lowering the LODs for the furnace. This problea 
waa corrected ata later date. Thus despite the increased intensity 
of the Light, the pulsed laser proved to be too noisy to be an 
analytically useful soures for CFS, While a Ci laser my provide 
better results due to its stability, it ms a limited wavelength range 
and therefore would be lese useful analytically. 

The use of a tunable pulse dye laser as an excitation source for 
CFS proved to be too noisy despite ite high intensity; therefore, a 
poorer signal-to-noise ratio was observed. This study did, however, 
show that if an insufficient magnetic field is used the Linear dynamic 
range of the technique my be decreased due to overlapping of the a 
and 7 components. The CPS signal may be increased by increasing the 
§noident Light up to the point where optical saturation occurs. Thus, 
the future of CFS as an analytical technique will not Likely include 
lasers as excitation sources. Howaver, continuum sources have been 


shown to be analytically useful in multi-elenent analysis (26-29). 


CHAPTER 7 
MULTI-BLEMEND CES 


‘The use of a continuum source as an excitation source for AAS 
(68,69) and AFS (70-73) has been shown to be analytically useful. A 
continuum source tas also been shown to be a viable light source for 
CFS (26-29). The use of a continuum source in CFS allows for 
excitation of the entire profile of the split atomic line. The aulti- 
element capabilities of CFS can also be evaluated, since all atomic 
transitions are excited simultangously. 

A ourve of growth measured with the new system (using the Yarian 
magnet) for Na at 589.0 nm in a flame is given in Figure 22. The log- 
log slope of the curve is 2.006 which reflects that the CFS signal is 
dependent on the square of the concentration, with a correlation 
coefficient of 0.99994. It should be noted that the shape of the 
continuum-exeited curve of growth for Na is identical to the laser- 
excited curve of growth for Na (see Figure 20). This further confirms 
that the negative slope exhibited at higher concentration is probably 
a result of broadening and overlap in the 7 and o components and is 
not dependant on the profile of the source. Figure 23 shows the curve 
of growth for Ca at 422.673 nm ina flame measured with the old aysten 
(see Chapter 4, Experimental). The log-log slope of this curve is 
1.97 (v-0.9997), again reflecting the CFS signal is dependent on the 


square of the concentration. In examining these calibration 
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Figure 23. CFS Curve of Growth for Ca at 422.673 nm in a Flame Using 
Continuum Excitation 


a 


curves it can be seen that the CFS signal for Ca ia a straight Line 
(with a slope of 2) over 3 orders of mgnitude while the signal for a 
has a useful analytical range (UAR) over 2.5 orders of magnitude. A 
curve of growth for Cu at 324.754 nm in a fumace (in the old ayaten) 
is given in Figure 24. The log-log slope of this calibration curve is 
1490 (70.9996). The linear dynamic range of the CFS signal using the 
furnace is slightly under 2 orders of magnitude. The UARS of nost 
elenents in the flame is approxinataly 2-4 orders of magnitude, while 
the UARs for the furnace are approximately 1-3 orders of magnitude. 
The reason for the reduced LDRs seen in the furnace is due to the 
Inability of the furnace to atomize high concentrations of solids and 
changes in the atomization conditions in the presence of high 
concentrations of solids. 

Table 4 lists the limits of detection (LODs) (3/%=3) for several 
elenents in both the old (the values in parentheses) and the new 
systems. The LODs were calculated by taking 3 tines the standard 
deviation of 16 blank readings, dividing by the slope of a plot of the 
CRS signal vs the concentration squared and taking the square root of 
this value. The LODs reflected in Table 4 are in sany cases 
detectable amounts which can be seasured in real samples and in sone 
eases are real points on the calibration curves, The LODs of the 
flame are still rather poor to be of use in trace analysis. The LOD's 
of the furnace are, however, more promising. The LODs for CFS in the 
furnace are approxinately 1 to 2 orders of magnitude worse than those 
obtained using ZAAS (8). It should also be noted that an inprovenent 


in the LODs of the new system was obtained over the old system. This 
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is due to the use of the larger Varian aagnet which produces a 
constant magnetic field over the entire pathlength of the flame and 
furnace. The Varian electromagnet also allowed a magnetic field of 
1.2 T to be used with the flame while the ANAC electromagnet produced 
a magnetic field of 0.7 T with the flame. This inorease in the 
tagnetic field should fully separate the a and 7 components over the 
entire pathlength of the atom reservoir, thus enhancing the CFS 
signal. 

‘The LODs of the present system would be greatly improved by using 
a more intense source which has better optical qualities. It would be 
advantageous to increase the source intensity to the point that the 
blank (the light getting through the crossed polarizers) was increased 
sufficiently to be of the same order of magnitude as the flane 
emission or the dark current from the PM tube. The LOD for Pb at 
283.306 nm could be decreased by the use of quartz polarizers, which 
would also allow the evaluation of Zn and As at 213.856 am and 
197.2 nm, respectively. 

While the LODs for the CFS system are still poor compared to 
those found in AAS, the multi-element capabilities of the system still 
make the system analytically viable. The future of CFS in analytical 
chemistry lies in the evaluation of a simultaneous multi-elesent 
furnace system. ‘The furnace fas the advantage of handling suall 
sample sizes and providing low absolute detection limits. The CFS 
also has the advantage of being a background corrected technique. 

Thus with a further raduction in the LODs, CFS will become a viable 


analytical technique for multi-element analysis. 


CHAPTER 8 
THE FUTURE OF CFS IN ANALYTICAL CHEMISTRY 


Much work remains to be done in evaluating CFS as an analytical 
technique. One area of interest would be in the evaluation of 
different excitation sources for CFS. Both hollow cathode lamps and 
xenon arc lamps have been evaluated as excitation sources (21-29). 
Development of a new continuum source with better optical quality 
would be advantageous. Xlueppel and Walters (74) found that, when a 
magnetic field is placed around a spark discharge or plasma (a theta 
pinch spark or plasma), an increased collision frequency causes an 
increase in the background continuum, The use of a theta pinch plasma 
as a source for CFS might prove interesting. Ifa miniature plasma 
torch could be designed to fit inside the poles of a DC magnet, 
perhaps the background continuum of the plasma could be inoreased to a 
point where it could be used asa source, If no nebulizer is used, 
the stability of the plasma should be increased. The optical quality 
of the light beam should also be better, since no electrodes are in 
‘the profile of the beam. The theta pinch plasma as a source also has 
‘the advantage of having an infinite Lifetine. 

Another area of interest would be the use of laser-excited CFS to 
evaluate the effect of saturated absorbance on the CFS line profile. 


lien the absorbance profile becomes saturated, the absorbance will go 


er 


to zero (75,75). By examining the equation for the intensity of the 
CFS signal (see Equation [21]), it can be seen that when the 
absorbance is saturated only the birefringent portion of the CFS 
signal should remain. 4n argon ion laser could be employed to 
saturate the absorbance of Na at 589.0 nm, If an interferoneter is 
used to sean over the line profile, the effect of saturation on the 
birefringent signal can be evaluated. Thus the relationship between 
dichroism and birefringence can be experimentally evaluated. 

An evaluation of wavelength modulation and an AC magnet could 
also provide interesting information. Wavelength modulation by 
necessity involves the measurement of atomic emission. Dus to this, 
wavelength modulation may be employed only in a linear system 


(0298.5°), where the AE¥CFS signal can be used to construct a linear 


calibration ourve. Wavelength modulation will, however, correct for 
‘the source light which passes through the uncrossed polarizers along 
with background emission from the flame, An AC magnet, however, may 
be used for a linear and a squared system. An AC magnet would allow 
correction for any source light transmitted through the polarizers, 
the flame background emission and the atomic emission. Thus, an AC 
magnet may prove to be the most advantageous modulation achene for 
CFS, as it is for many elements in ZAAS (49). 

‘The gost intaresting study, however, would be in the desig and 
evaluation of a simultaneous multi-element ZAAS/CFS spectrometer. As 
was explained earlier (see Chapter 2), the Perkin Elmer ZAAS system 
employs an AC magnet and so the sensitivity of those elements 


experiencing anonalous Zeeman splitting is not reduced (49). The 


co) 


multi-elenent ZAAS/CES system will also employ an AC magnet. A 
continuum source will be used to excite simultaneously all the aton 
transitions. A direct reader echelle spectrometer, which has been 
modified so that demodulation of a signal is possible, will be used. 
If the spectral bandpass of the echelle polychromator is of the same 
order of magnitude as the line width of a hollow cathode lamp, multi- 
element ZAAS should be possible. In the ZAAS aode, only one polarizer 
set perpendicular to the magnetic field will be used to measure the 
absorbance of the 9 components. When the magnet is off and no 
splitting occurs, the atomic absorbance plus background absorbance is 
measured. When the magnet is on, the % components should be split 
outside of the spectral bandpass of the spectrometer and only 
background absorbance is measured. Demodulation should result in a 
background-corrected atomic absorption signal, The system can also be 
set up as a simultaneous multi-element CFS system with the addition of 
a second polarizer. The first polarizer should be placed prior to the 
atom reservoir and oriented at a 45° angle to the magnetic field, 
while the second polarizer is placed after the atom reservoir and 
oriented orthogonal to the first polarizer or offset by an 8.5° 
angle. By using this system, a fair comparison aay be nade of ZAAS 
and CFS. It would also be of interest to evaluate real samples and 


compare the background correction capabilities of both systems. 


CHAPTER 9 
CONCLUSIONS 


In conclusion, CPS is emerging as a new elenental tecinique in 
analytical chemistry. When compared to AAS and ABS, CFS has some 
advantages. Hoth CFS and AAS produce coherent signals, unlike APS. 
Due to coherence, an increase in the distance between the atom 
reservoir will decrease the emission from the atom reservoir while the 
signal remains unchanged. However, CES is a caro background 
technique, as is AFS. Thus, the Limiting noise in CFS should be 
smaller than in AAS, where the source is viewed. In being an 
absorbance process, CFS also is not Limited by a quantum efficiency as 
in AFS. The main disadvantage in CFS is the quadratic dependence of 
the signal on the concentration. This tas a detrimental effect on the 
LoDs for CFS. Tt remains to be azen, however, how these factors will 
affect the future of CFS in the field of atomic spectrometry. 

This study has served to establich the noise characteristics of a 
Voigt effect CFS system, which will prove valuable in the desim of 
future systems. The study of laser-oxcited CFS has show that pulsed 
lasers are unsuitable sources for CFS. However, the use of a 
continuun source has been show to be analytically viable, especially 
then a fumace is used as an atom reservoir. Thus, this study serves 
asa basis for the further evaluation and improvenent of a CFS syste 


as an analytical tool for aulti-slement analysis. 
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APPENDIX & 
‘THE DERIVATION OF A GENERAL EQUATION FOR A VOIGT EFFECT 
OFS SPECTROMETER 


The use of Jones calculus allows for the evaluation of a train of 
optical components by taking the products of their representative 
matrices. Thus, the following equation represents the set-up of a 
Voige effect CFS spectrometer based on the work done by Kankure and 
‘Stephens (16): 

AS RPAERVRP, (20) 
where P, and P, are the polarizers which are located before and after 
the atom reservoir, respectively, V is the matrix for the Voigt effect, 
and R, is a rotational matrix which orients the axes of t¥o optical 
components. The following matrices are used in equation [30] with 
8 representing the angle between the two polarizers and @ representing 


the angle between the first polarizer and the magnetic field: 


cos x win x 
R= (31) 
sin x cos | 


wire x toprasente the angle betveen the tw cotponente and RT ie che 
ianepore of the matrix, The polarizer and the analyser, Py and Py 


respectively, were represented by the same matrix so that @ represents 


n 
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the angle between the axes of the two polarizers. They were also assuned 


to have a perfect extinction ratio which is an oversimplification. 


[32] 


The matrix which represents the Voigt effect is the following (16): 


expt c8,-1)52) 0 
[33] 


: exp[4(a,-1)=3 


where 8, and A, are the complex refractive indices of the 7 und o 
components, respectively, u is the angular frequency of the incident 
Light, b is che pathlengeh and c is the speed of light in vacuum. 
The intensity of the Light eransmitted through the polarizers 1s 


represented by the following equation: 


ig * SgTe((A) (al) [34] 


where Ty is the intensity of the incident light, Tr stands for the 
trace of the product, and [A] is the complex conjugate of the transpose 
of (al. 

Upon multiplication of these matrices, the aatrix A was determined 


to be represented by the following matrix. 


3 


(cas*6cos*ptcosdsingcososing)X+(cos*asin®¢-cosisinécosgsing)Y | 


oe |(cosésingcos*#+sin*ecosgsing) X+(costsinsing-sin*gcosgsing)¥ 0. 
(35) 
where 
X= expli(@,-) 2) (361 
¥ = expli(é,-1)8) 137] 


as discussed previously. Substituting the equation for the complex 
refractive index (See Equation [38]) into Equations [36] and [37] 


results in Equations [39] and [40]. 
Aentit (38) 


aye = 1588 
Xe emlioe 7 Ye) 391 


Ys emitta,s i - yy 40) 


where a, und a, are the Naperian absorption coefficients for the + and 
J components, respectively. 

Substituting the result for [A] (See Equation [35]) buck into 
Equation [34], results in the following equation for the Light 


transmitted through the polarizers: 


7 


Ty + gexpl-H(a,49,)b] {(cosseos?¢tainscosgsing) expl's(a,~2,)b] + 
(costsin*}~sindcos¢sing) *explis(a,-a,)b] + 
(cos28cos*$sin*}-cosésinécostsingcos2¢) + 


Cemplt(a,-0,)98) + expt (ny-n,421)) tu 


By using the trigonometric identity for the cos x in Equation [42] 
Equation [41] reduces to its final form, Equation [21]. 

cos x= (42) 
Ty * Woerpl-H(a,ta,)b]{ (costeos*¢+sindcospsing) *expl's(a,-a,)b] + 


(costsin® ¢-sindcosgsin¢) *exp['(a,-a,)b] + 


2(cos28c08*psin*}-costsindcosssingcos2e)cos{ (a,-n,)92]} [21] 

Two Limiting cases were also derived. If the axis of the first 
Polarizer is set at a 45° angle to the magnetic field so that 9 = 45° 
and cos$ = sing at this angle, Equation (21] reduces to Equation [45] 
with the use of the trigonometric identities in Equations [43] and [44]. 


1431 


[44] 


Ty + GgexPl-4(a, 40,9] {cosh ('(a,-a,)b]-sin2osinhPs(a,-a,)b) + 


ub, 
Kcos2scos[“2(a,-a,) 1) (45) 


If the squared CFS system is now considered vhere 6 = 90° as used in 


the majority of this study, Equation [45] reduces to the final 


result shown in Equation [22]. 


fy * Hgewrl-H(a,ta, 0] eoshPs(o,-a,)b] ~ cost%(n,-n,)1) 22] 
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APPENDIX II 
LIST OF ABBREVIATIONS 


CRS -- coherent forward scattering atonic spectronetry 
MAS — atonte absorption spectrometry 

ZAAS —- Zeeman atonic absorption spectroaetry 

APS — atomic fluorescence spectrometry 

AES — atonte emission spectronetry 

LoD — Lait of detection 

UAR -- useful analytical range 

AM — amplitude nodulation 


CW laser — continuous wavelength laser 
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